Iron is an important micronutrient, but it can also act as a dangerous element by interfering with glucose homeostasis and inflammation, two features that are already disturbed in obese subjects. In this work, we study the effects of systemic iron supplementation on metabolic and inflammatory responses in mice with hypoferremia induced by obesity to better characterize whether iron worsens the parameters that are already altered after 24 weeks of a high-fat diet (HFD). Mice were maintained on a control diet or a HFD for 24 weeks and received iron-III polymaltose (50 mg/kg/every 2 days) during the last two weeks. Glucose homeostasis (basal glucose and insulin test tolerance) and systemic and visceral adipose tissue (VAT) inflammation were assessed. Iron levels were measured in serum. The Prussian blue reaction was used in isolated macrophages to detect iron deposition. Iron supplementation resulted in an increased number of VAT macrophages that were positive for Prussian blue staining as well as increased serum iron levels. Systemic hepcidin, leptin, resistin, and monocyte chemoattractant protein-1 (MCP-1) levels were not altered by iron supplementation. Local adipose tissue inflammation was also not made worse by iron supplementation because the levels of hepcidin, MCP-1, leptin, and interleukin (IL)-6 were not altered. In contrast, iron supplementation resulted in an increased production of IL-10 by adipose tissue and VAT macrophages. Leukocytosis and VAT plasminogen activator inhibitor-1 (PAI-1) level were reduced, but insulin resistance was not altered after iron supplementation. In conclusion, systemic iron supplementation in mice with hypoferremia induced by obesity did not worsen inflammatory marker or adipose tissue inflammation or the metabolic status established by obesity. Iron deposition was observed in adipose tissue, mainly in macrophages, suggesting that these cells have mechanisms that promote iron incorporation without increasing the production of inflammatory mediators.
Introduction
The first associations between adiposity and low plasma iron were described more than 50 years ago. 1, 2 The concept of obesity as a chronic low-grade systemic inflammatory condition has recently been linked to the reduction in plasma iron observed previously. Adipose tissue, mainly visceral adipose tissue (VAT), plays a role in the release of pro-inflammatory cytokines, such as interleukin (IL)-6, when it is locally infiltrated by a large number of macrophages. 3, 4 IL-6 has been recognized as a link between inflammation and iron levels because it induces hepcidin mRNA transcription through signal transducer and activator of transcription (STAT)-3. 5 Iron is the main regulator of hepcidin expression in the liver and, when it is present in excess in the blood, hepatic hepcidin production is increased, which prevents additional absorption by the gut. 6 Although iron is the main regulator of hepcidin production by the liver, inflammation appears to be important in regulating hepcidin production in macrophages, and it decreases iron release from these cells in an autocrine and/or paracrine manner. 7 Adipocytes appear to be able to produce hepcidin, and inflammation is also recognized as the main stimulus linking hepcidin production by adipose tissue and hypoferremia of inflammation in obese patients and experimental models. 8, 9 Iron is one of the most important micronutrients, and it plays a role in DNA synthesis, respiration, and energy production; however, iron is also able to produce deleterious hydroxyl radicals in the presence of reactive oxygen species (ROS). 10 Due to this dual nature, iron absorption, utilization, and storage are tightly regulated in mammals. 6 Interestingly, iron metabolism and glucose metabolism are interrelated. Insulin is able to induce iron uptake in hepatocytes through the induction of transferrin receptor-1 (TfR1) synthesis. 11 Isolated adipocytes also respond to insulin stimulation by increasing cell-surface transferrin receptors and the uptake of diferric transferrin 12 In turn, iron interferes with insulin signaling in hepatocytes and adipocytes. 13 In vitro data has shown that iron decreases insulin receptor expression and insulin binding in HepG2 cells. 14 In isolated rat adipocytes, iron impairs insulin-mediated glucose uptake and increases lipolysis. 13 Excess iron has been associated with reduced insulin secretion to impair the function of pancreatic b cells. 15 Therefore, iron could negatively impact glucose homeostasis.
Adipose tissue engulfs resident M2 macrophages with a physiological role, and an infiltration of M1 macrophages has been linked to metabolic consequences of obesity. These distinct phenotypes support different biological functions. M1 macrophages accumulate iron as a well described bacteriostatic mechanism, while M2 macrophages recycle iron, and normally low intracellular iron levels have been found in association with this phenotype. 16 Macrophage phenotype polarization is also modified by iron; data suggests that iron accumulation in macrophages, as observed when hepcidin signal is present, could result in a pro-inflammatory M1 phenotype. 17 Additionally, a low iron-diet, chelation therapy or phlebotomy improve insulin sensitivity in obese animal models and humans. 15, 18, 19 Obesity induced by a high-fat diet (HFD) in mice results in reduced duodenal iron absorption, 20 suggesting that it could play a protective role in controlling iron export to metabolic tissues.
We previously demonstrated that mice fed a HFD for 24 weeks, but not less than this length of time, is a suitable model to study alterations in iron homeostasis associated with obesity. This is because mice presenting with high hepcidin serum and adipose tissue levels associated with high IL-6 levels in the adipose tissue, as well as alterations in hematological parameters, suggests the establishment of anemia associated with chronic disease. 9 In this study, we investigated the effects of iron supplementation, administered through the parenteral route to avoid interference from intestinal absorption, in metabolic and inflammatory responses associated with obesity in mice fed a HFD for 24 weeks. The aim of this study was to characterize whether iron worsens the parameters that are already altered by obesity and to contribute with data to assist therapeutic decisions in the management of anemia during obesity. Diet-induced obesity, iron supplementation, and metabolic status Mice were introduced to either a control (AIN-93; 15% energy from fat source) or HFD (60% energy from fat source; see Supplementary Material). Body weights were assessed weekly. The mice were evaluated after 24 weeks on a HFD. Animals receiving the HFD were initially divided into two experimental groups, those who received only the HFD diet or those that received the HFD diet supplemented with iron-III polymaltose (Noripurum Õ , Nycomed Pharma, SP, Brazil) 50 mg/kg/every two days intramuscularly (i.m.) during the last two weeks (HFD þ iron). Two days before the feeding protocols ended, glucose and insulin tolerance tests were performed as described by Pinto et al. 21 The basal glucose level was also determined at the end of the feeding protocol before the animals were euthanized.
Materials and methods

Blood and tissue collection
After 6 h of fasting, the mice were anesthetized with xylazine/ketamine (1:1 v/v of xylazine 2%-ketamine 10%), and blood samples were collected by cardiac puncture. Hematological parameters were analyzed using blood collected with ethylenediaminetetraacetic acid (EDTA) using an autoanalyser (ABX Pentra 120, Horiba Instruments Brazil, Jundiai, SP, Brazil) and serum samples were employed for enzyme immunoassay (EIA) quantification of hepcidin and serum iron dosages. Epididymal adipose tissue, liver, and gastrocnemius muscle were carefully dissected and weighed. Fragments of adipose tissue were homogenized and homogenate samples were stored for later quantification of cytokines. 21 Macrophage isolation from adipose tissue, M1/M2 markers, and Prussian blue reaction Stromal vascular fraction (SVF) was obtained from epididymal adipose tissue after collagenase digestion as described before. 9 Macrophages (CD11b þ cells) were obtained from the SVF by sorting using magnetic-selected cell (Miltenyi Biotec, Germany).
Macrophages RNA were isolated, cDNA was synthesize, and the expression of the Tnf, IL10, Nos2, and Mrc1 (formerly CD206) was analyzed using real-time PCR as described 9 (see Supplementary Material for primers information). All reactions were performed in duplicate, and the average Ct value was used to assess gene expression. Relative expression was calculated according to previously described methods. 22 Isolated macrophages underwent the Prussian blue reaction as described. 9 Cells were classified as Prussian blue positive or negative and counted in five aleatory high power fields using an optical microscope.
Measurement of cytokines, hepcidin, and serum iron
Hepcidin, interleukin (IL)-10, IL-6, insulin, leptin, monocyte chemoattractant protein-1 (MCP-1), plasminogen activator inhibitor-1 (PAI-1), resistin, and tumor necrosis factor-a (TNF-a) were quantified in serum and adipose tissue samples using commercial EIA kits (Hepcidin from USCN Life Science, Wuhan, China and IL-10 from R&D Systems, MN) and Multiplex/Luminex (Adipokine [serum] and Adipocyte Panel [adipose tissue homogenate], Millipore, MA). Measurements of iron in serum and iron-binding capacity were performed by colorimetric tests using commercial kits (K017-Iron serum and K009-Iron binding capacity Bioclin, Belo Horizonte, MG, Brazil).
Statistical analysis
All of the data are expressed as the means AE standard error mean (SEM). Group comparisons were performed using Dunnett test. An associated probability of less than 5% was considered to be significant.
Results
Obesity and alterations in metabolic parameters
Swiss mice that were fed a HFD for 24 weeks became obese and contained large amounts of VAT. Insulin resistance was well established (Table 1 ). Systemic iron supplementation during the last two weeks did not alter the body weight at the end of experimental protocol or adiposity ( Table 1 ). The final liver and gastrocnemius muscle weights, as well as insulin resistance, were not altered in obese mice after iron supplementation (Table 1) .
Alterations in hematological parameters and serum iron levels
Hematologic parameters of obese mice were altered resulting in a reduced hemoglobin concentration and an increased number of circulating leukocytes when compared with lean mice ( Table 2) . Iron supplementation normalized the number of circulating blood leukocytes ( Table 2) . Hypoferremia was observed in obese mice concomitant with increased latent iron binding capacity of transferrin (Table 3 ). Our protocol of iron supplementation resulted in increased iron levels and decreased latent iron binding capacity, as well as increased transferrin saturation (Table 3) .
Hepcidin and systemic inflammatory markers
Serum leptin, MCP-1, and resistin were increased in obese mice when compared with control mice (Table 5 ). Serum TNF-a and IL-6 levels did not differ between the groups. Iron supplementation did not result in serum alterations in inflammatory markers (Table 4 ). Hepcidin was also increased in the serum of obese mice when compared with lean mice, but again, hepcidin levels were not modified by iron supplementation (Table 4 ).
Inflammatory markers in adipose tissue
VAT from obese mice exhibited a higher level of leptin, IL-6, MCP-1, and PAI-1 when compared with lean mice ( Table 5 ). Iron supplementation did not modify the levels of adipokines altered by obesity, but a tendency towards decreased PAI-1 levels was observed in VAT after iron supplementation (P ¼ 0.06; Table 5 ). IL-10 level was not altered by obesity but it was increased after iron supplementation. Hepcidin was measured in VAT, and it was higher and remained at the same level in obese mice after iron supplementation ( Table 5 ).
Macrophages phenotype markers and iron deposition
Macrophages isolated from the white adipose tissue (ATMs) of obese mice had more Prussian blue-positive cells when compared with cells from the adipose tissue of lean mice (Figure 1 ). Iron administration resulted in a significant increase in Prussian blue-positive macrophages (Figure 1 ). The analysis of gene expression revealed that obese ATM presented higher level of Tnf and Mrc1 expression and lower level of IL10 when compared with ATM of lean mice. Iron supplementation increased the IL10 expression (Table 6 ).
Discussion
An optimal iron status is essential for human health because energetic efficiency is directly affected by iron deficiency. The prevalence of iron deficiency increases concomitant with increases in body mass index (BMI). 23 There are no differences between the intake of dietary factors that can affect iron levels in obese subjects when compared with lean subjects. 23 The most probable link between obesity and hypoferremia was originally described by Bekri et al. 8 who found hepcidin expression in human adipose tissue. Hepcidin inhibits iron release from macrophages and iron absorption by enterocytes through ferroportin degradation. 24 The hepatic production of hepcidin is substantially higher than that produced by adipose tissue, but in obese subjects, adipose tissue mass exceeds the liver mass by about 20 times. 25 Mice fed a HFD provide a suitable model to study obesity, and when Swiss mice were fed a HFD for 24 weeks, they presented with high hepcidin levels in the blood and adipose tissue in addition to hypoferremia. 9 The HFD was also shown to reduce intestinal iron absorption by a hepcidin-independent mechanism involving a reduction in the expression of oxidoreductases and metal uptake in the gut. 20 Thus, in this study, we employed an experimental model of hypoferremia induced by obesity in mice and described the effects of iron supplementation via the parenteral route on adipose tissue inflammation, glucose homeostasis, and iron status previously altered by obesity. In spite of treatment with deferoxamine, an iron chelating agent, for two weeks in spontaneous obese KKAy mice, which results in improvements in metabolic status and a reduction in adiposity, 18 two weeks of iron supplementation in obese Swiss mice fed a HFD did not modify adiposity or insulin resistance. Hypoferremia was corrected, but hemoglobin levels were not. Our hypothesis is that iron sequestration by adipose tissue could exacerbate local inflammation and subsequently worsen systemic inflammation and metabolic status of obese individuals; however, local and systemic inflammation were not additionally made worse by iron supplementation in this experimental study, even though we observed iron deposition in adipose tissue (data not shown) and in ATMs. ATMs play a role in iron metabolism in adipose tissue. Approximately 25% of ATMs from lean mice had elevated expression of iron metabolism-related genes relative to recycling, and not storage ability, in parallel with M2 phenotype markers. 26 In the context of obesity, ATM recruiting has a more pro-inflammatory phenotype (M1) but does not play a role in iron handling as observed in lean ATMs, resulting in adipocyte iron overload and reduced adiponectin expression as described by Orr et al. 26 M1-polarized macrophages were classically described as activated by hepcidin and able to sequester iron during inflammation, 27 but as cited before, M2-polarized macrophages are also able to play a role in iron storage. Evaluation of phenotype markers in isolated ATM in this work revealed an increased expression of gene that encoding cytokine TNF-a and lower expression of gene for IL-10 characterizing a M1 macrophage. Mannose receptor expression (Mrc1) was higher and these results are in agreement with published results that ATM consist a specific type presenting surface markers as phenotype M2 and capability to produce pro-inflammatory cytokines. 28 More important than macrophage phenotype is the role of secondary or local factors that could influence iron status. For example, nitric oxide is able to activate IRP1 and IRP2 resulting in macrophage iron retention 29 as well as local hepcidin production. 9 In fact, we observed that the number of ATMs with incorporated iron increases after systemic iron supplementation, but no additional effects were observed in the pro-inflammatory mediators produced by the adipose tissue of obese mice. In contrast, iron supplementation resulted in an increased production of IL-10 by adipose tissue and ATMs, independently of obesity. The ingestion of hemoglobin:haptoglobin complex results in an additional macrophage phenotype, M(Hb) or Mhem, very competent in IL-10 production. 30, 31 Superparamagnetic iron oxide nanoparticles were also able to increase IL-10 production in M2 macrophages. 32 Therefore, we hypothesized that ATMs could also be able to respond to the increase of intracellular iron producing IL-10. Iron supplementation did not interfere with local or systemic hepcidin production in our experimental model. In addition, we assessed liver hepcidin production and found that it was not altered by obesity or iron supplementation (data not shown). However, leukocytosis was reduced by iron supplementation in obese mice. Obesity is recognized as a cause of leukocytosis, and it contributes to the low-grade inflammatory systemic status of obese subjects. 33 Leptin released by bone marrow adipocytes was identified as being responsible for increasing the differentiation of granulocytes from hematopoietic progenitors. 34, 35 Additionally, it has recently been demonstrated that adipose tissue containing hematopoietic progenitors is able to reconstitute normal blood cell levels in irradiated mice. 35, 36 In the present study, we did not determine whether leukocytosis was reduced by the effects of iron supplementation on bone marrow or adipose tissue, but iron excess induced in different ways has been shown to damage bone marrow stromal cells as well as other vital organs that support hematopoiesis through the generation of ROS. 37 Conversely, an increase of ROS in adipose tissue is not consistent with the local reduction in PAI-1 we observed. 38 PAI-1 has a broad range of biological activities, and cellular iron status is known to regulate PAI-1 expression by inducing mRNA stability, 39 suggesting that local PAI-1 reduction could be one of the effects resulting from iron deposition in adipose tissue.
In conclusion, systemic iron supplementation in mice with hypoferremia induced by obesity did not result in improvements in hematological parameters, but it also did not negatively affect inflammatory marker or adipose tissue inflammation or the metabolic status established by obesity. Iron deposition was observed in adipose tissue, mainly in macrophages, suggesting that these cells have mechanisms to promote iron sequestration, but this did not modify their ability to produce proinflammatory mediators.
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